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BirdsChanges in body temperature are signiﬁcant physiological consequences of stressful stimuli in mammals and
birds. Pigeons (Columba livia) prosper in (potentially) stressful urban environments and are common subjects
in neurobehavioral studies; however, the thermal responses to stress stimuli by pigeons are poorly known.
Here, we describe acute changes in the telemetrically recorded celomatic (core) temperature (Tc) in pigeons
given a variety of potentially stressful stimuli, including transfer to a novel cage (ExC) leading to visual isolation
from conspeciﬁcs, the presence of the experimenter (ExpR), gentle handling (H), sham intracelomatic injections
(SI), and the induction of the tonic immobility (TI) response. Transfer to the ExC cage provoked short-lived
hyperthermia (10–20min) followed by a long-lasting and substantial decrease in Tc, which returned to baseline
levels 2 h after the start of the test. After a 2-hour stay in the ExC, the other potentially stressful stimuli evoked
only weak, marginally signiﬁcant hyperthermic (ExpR, IT) or hypothermic (SI) responses. Stimuli delivered
26 h after transfer to the ExC induced deﬁnite and intense increases in Tc (ExpR, H) or hypothermic responses
(SI). These Tc changes appear to be unrelated tomodiﬁcations in general activity (as measured via telemetrically
recorded actimetric data). Repeated testing failed to affect the hypothermic responses to the transference to the
ExC, even after nine trials and at 1- or 8-day intervals, suggesting that the social (visual) isolation from conspe-
ciﬁcs may be a strong and poorly controllable stimulus in this species. The present data indicated that stress-
induced changes in Tc may be a consistent and reliable physiological parameter of stress but that they may
also show stressor type-, direction- and species-speciﬁc attributes.
© 2014 Elsevier Inc. All rights reserved.1. Introduction
Change in body temperature is one of the most remarkable physio-
logical consequences of a variety of stressful stimuli in mammals.l Sciences, CCB and Institute of
University of Santa Catarina,
60.
. Bittencourt),
rino@ieb.ufsc.br
and analysis.
eme, data analysis, writing theBoth acute and chronic psychological stress result in a prompt rise in
body temperature in rodents (e.g., [1–3]), which reﬂects an increased
autonomic activity associated with changes in the thermoregulatory
“set-point” [4] and which is regulated by central mechanisms that are
primarily distinct from those of infection-induced fever [5]. Stress-
induced hyperthermia was shown to be evoked via handling, predator
odor, social stress and exposure to novelty or environmental changes,
as well as to be attenuated via anxiolytic drugs (e.g., [1,5–8]). These
responses were found in a variety of mammalian species, including
tree shrews [9] and humans [10–12]. Interestingly, it was recently
found that human responses to social stress are sex- and site-speciﬁc.
These responses include decreases in intestinal core temperatures (Tc)
and no changes in temporal artery temperature [12], suggesting that
stress-induced changes in Tc may be a consistent and reliable
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speciﬁc (hyper- or hypothermic) directions. Thus, evaluations of thermal
responses to stress in different species may be relevant to objectively
assessing their (species-speciﬁc) welfare state.
Thermal responses to acute stress have not been thoroughly investi-
gated in birds. Manipulation by humans induced acute Tc increases in
ducks [13–16], chickens [17], herring gulls [18], great tits [19] and
rock pigeons [20,21]. In the latter, handling by the experimenter while
remaining in their home cage caused an intense but short-lasting rise
in telemetrically recorded Tc. Furthermore, the increase in predation
risk was demonstrated to suppress the intense effect of fasting on
nocturnal hypothermia in pigeons, which is considered a remarkable
strategy of energy conservation in birds [22]. Together with results of
dynamic models of short-term energy management in birds, these
data suggest that the regulation of energy balance may be a function
of a trade-off between the risk of predation and the threat of famine in
avian species (e.g., [23]).
The rock pigeon may be a species that is particularly relevant
to studies on avian thermal responses to acute and chronic stress. In
addition to being a common lab species possessing a wealth of neurobi-
ological and behavioral data, pigeons are prosperous and proliﬁc
urban inhabitants; however, their responses to the city's numerous
and persistent sources of stress are poorly understood. We failed to
ﬁnd any systematic studies on the acute thermal responses of pigeons
to stress. In the course of a study on the thermal correlates of feeding
and the subsequent behavioral satiety sequence in rock pigeons [24],
the limitations of our experimental setup forced us to transfer the
pigeons to a separate cage from their home cage to perform telemetric
recordings of Tc and actimetry during prolonged feeding episodes.
This procedure caused a short-lived hyperthermia that was followed
by a deep and long-lasting hypothermic response, suggesting that this
thermal response may be a relevant physiological marker of stress in
this species; this phenomenonmay affect the results of neurobehavioral
studies involving early drug- ormanipulation-induced responses in this
species. Furthermore, nonsystematic observations during pilot experi-
ments also indicated that temporal patterns and even components of
this response may depend on the type of stressful stimulus. Here, we
quantitatively describe this biphasic response to the separation from
conspeciﬁcs and transfer to a cage that was dissimilar to the home
cage, the resistance of this response to habituation, as well as the Tc
changes in response to a variety of stressor stimuli in pigeons.
2. Material and methods
2.1. Animals
All of the experimental procedures described belowwere conducted
in strict adherence with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals (NIH Publications No. 8023, revised
1978) and were approved by the local Committee for Ethics in Animal
Research (CEUA — UFSC, protocols PP00896 and PP00524/2010).
Adult domestic pigeons (Columba livia of both sexes, 350–450 g, raised
at the central vivarium of the Universidade Federal de Santa Catarina,
Florianópolis, SC, Brazil), were brought to the lab vivarium and main-
tained in individualwire cages (45 cm× 40 cm× 48 cm) at a room tem-
perature of 23–25 °C on a 12:12 light–dark cycle (lights on at 07:00 a.m.,
overheadﬂuorescent day–light lampswith 80–90 lx light intensity) and
with free access to food (Pigeon Chow, formulation for growing birds,
SUPRA Ltda., Itajaí, SC) and to ﬁltered tap water throughout the
experiments.
2.2. Telemetry transmitter surgery and recording
After at least 10 days of adaptation to the lab conditions, a battery-
free miniature transponder (G2-E-Mitters, Mini-Mitter, Bend, Oregon,
USA, which enables temperature and gross motor activity recordings)was implanted into the celomatic cavity of the pigeons while under an-
esthesia with Xylazine (0.33 mg/kg) and Ketamine (0.66 mg/kg, i.p.).
The birds were kept warm with a hot pad at 38 °C throughout the
surgery and, to avoid variation in sensor positioning during the experi-
ments, the transponders were ﬁxed to the left abdominal ventral mus-
cles with a non-absorbable suture. The skin and muscle incisions were
closed with absorbable sutures. After surgery, the animals were treated
(daily for the next 5 days) with the antibiotic Baytril® (5% enroﬂoxacin,
Bayer; 0.1 ml/kg, i.m.) and the analgesic Ketofen® (Ketoprofen 1%;
Merial; 0.2 ml/kg, i.m.). The wound was treated daily with Furacin®
cream (Nitrofural; Mantecorp). A post-operation recovery period of at
least 10 days was observed before the experimental recordings were
initiated.
The transponders are continuously charged by the receiver (ER-4000
Energizer Receiver, Mini-Mitter), which was placed under the experi-
mental cage (ExC). This cage (45 cm high, 30 cm wide and 32 cm deep)
was made from polyethylene except for the front wall (transparent
glass) and the top (wire mesh), with externally placed food and water
dispensers (reachable through 6 × 8-cm rectangular openings in a lateral
cage wall) and without perches. A video camera (Microsoft Webcam
LifeCam VX2000) was positioned in front of the glass wall and connected
to a microcomputer for behavioral surveillance and recording. The ExC
cage was placed in the same room of the home cages and was visually
isolated from them by a white opaque plastic blind. E-Mitters are pre-
calibrated over the range of 32–42 °C and are accurate to 0.1 °C [25].
Changes in signal strength from the transponder sampled at 1 Hz are
taken and cumulatively counted by the system as movements of the
probe to produce a qualitative measurement of movement (actimetry).
Pilot experiments indicated that the transponder implanted in the
celomatic cavity recorded low or no actimetric signals during resting,
while higher counts were observed during exploratory/locomotor and
preening behaviors but failed to detect intense head andneck exploratory
behaviors when the animal's trunk was immobile. The recording set was
turned on at least 15 min prior to the beginning of the recording session.
The celomatic/core temperature (Tc) and actimetric (Act) data were
sampled at 1 Hz and processed using the VitalView® software, which
was provided by the transponder manufacturer (Mini-Mitter), and
5 min averaging was applied to the Tc and Act data prior to analysis.
All of the recording sessionswere started at 12:00 in the lights-on period
of the cycle.2.3. Data analysis and graphical presentation
The data were analyzed using 2-way repeated-measures ANOVA
with the experimental conditions as factors and the different periods
of time as repeated measures (using Statistica 8.0, StatSoft, Tulsa,
Oklahoma, USA) followed bypost-hocDuncan's testswhen appropriate.
The data (expressed as differences from the controls or baseline) that
failed to show signiﬁcant Gaussian distribution (Shapiro–Wilk W test
for sample normality of distribution) or failed to be homoscedastic
(Brown–Forsythe modiﬁcation of Levene's test) were analyzed using
non-parametric ANOVA tests (Friedman's ANOVA) followed by a post-
hoc Wilcoxon Matched Pairs Test when appropriate. Non-parametric
Spearman's rank order testswere used to examine correlations between
the Tc and Act data. The analysis and graphical representations of the
temporal changes in Tc and Act used the 5-min averaged data for indi-
vidual results or themeans ± SEM of these data for a given experimen-
tal group. The least square estimates (distance-weighted least squares
ﬁtting) for the Tc and Act curves were plotted in these graphs. These
curves were calculated using a stiffness parameter (=zero) and a 2nd
order polynomial regression to avoid excessive smoothing of the raw
data. A varying number of animals were excluded from analysis (see
the Results section for the number of exclusions in each experiment)
due to recordings with missing data, technical problems or subjects
with signs of illness.
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2.4.1. Continuous Tc and Act recordings during 48 h after transference from
the home cage to the experimental cage
Six pigeons (4 males, 2 females) were taken (always by the same
experimenter) from their home cages by gently containing their wings
by hand from a dorsal approach and transferred to the ExC (placed in
the same room approximately 150–200 cm distant from their home
cages). These 2-hour-long pretest exposures to the ExC occurred at
least 6 times prior to the experiments, always after surgery, and with
a 1–2-day inter-session interval. After these pretest sessions, the Tc
and Act recordings were taken continuously for the next 48 h in 3
animals simultaneously in each session using 3 separate receiver sets,
which were placed under 3 identical cages that were 60 cm distant
from each other. The animals we not allowed to see each other or
their home cages during the recording sessions. Water and food were
freely available during the pretest sessions and the experiments.
2.4.2. Thermal responses to different stress stimuli 2 or 26 h after transfer to
the experimental cage
To probe the thermal responses to different stressful stimuli and
compare them with those observed just after the transfer to the ExC,
the Tc and Actwere recorded for 2 h in 12 experimentally naïve pigeons
(n = 6, 3 males, 3 females) or 26 h (n = 6, 4 males, 2 females). After
these baseline recording periods, the animals were exposed to 1) the
appearance of the experimenter and main caretaker (MAB, the ﬁrst au-
thor, dressed in a white lab coat) for 60 s in front of the experimental
cage, 2) gentle manual restraint, followed by wrapping the animal's
body in a paper sheet and then by insertion (and immediate removal)
of a syringe needle (22G) into the celomatic cavity (sham i.p. injection)
and 3) no disturbance during the entire session (undisturbed control
session). In the “2 h” group, the last test was the induction of the tonic
immobility (TI) response by manually restraining the animal in the
supine position for 30 s. The “26 h” group was also submitted to gentle
handling by the experimenter (MAB), maintaining the animal in an
upright posture for 30 s. Stimuli 1 (experimenter appearance), 2
(sham i.p. injection) and 4 (gentle handling) were applied at 7-day
intervals, and their sequence was balanced within the subjects. The TI
tests were always performed by a stranger to the animals (the co-
author FFM). All animals used in these experiments had at least 7 sessions
in the experimental cage (at 1–2-day inter-session intervals) prior to the
experiments.
2.4.3. Thermal responses to transference from the home cage to the ExC:
effects of re-testing
The effects of re-testing on the thermal responses observed in the
above described experiments were examined in a group of 12 experi-
mentally naïve pigeons (6 males, 6 females). These animals had their
Tc and Act continuously recorded for 105 min in their 7th, 8th and 9th
sessions the ExC with a 1-day interval between the last 3 sessions
(n = 6) or in their 7th, 8th and 9th sessions occurring with an 8-day
inter-session interval (n = 6). In 3 animals of each group, recordings
were also taken for the 1st experience in the ExC. For all groups, an
inter-session interval of 1–2 days was observed for sessions 1 through 6.
3. Results
3.1. Tc and Act recordings after transference from the home cage to the ex-
perimental cage
Fig. 1 (A–F) summarizes the effects of the transfer of pigeons (n=6)
from their home cage to a different cage after 6 exposures to this proce-
dure. Duringmost of their 48-h stay in the experimental cage, the animals
showed their typical Tc pattern. Themean Tc, as averaged during the ﬁrst
4 h (from12:00 to 16:00; 40.93±0.26 °C; Fig. 1A and B) in the ExC and at
the same hours on the next day (40.94 ± 0.19 °C), were statisticallyundistinguishable, and both were signiﬁcantly different from the noctur-
nal Tc (averaged from 00:00 to 04:00 h; 1st night: 39.34 ± 0.22 °C; 2nd
night: 39.31 ± 0.25 °C; F(3, 20) = 15.45, p = 0.00002).
The actimetry recordings showed no clear night/day differences
(Fig. 1C), indicating that, despite the nocturnal hypothermia, these
animals remained relatively active at night. The diurnal “baseline” Tc
(measurements taken in the 2nd day after transfer to the experimental
cage and during the same time of the transfer on the day before) was
40.92 ± 0.20 °C (Fig. 1E). During the 1st 10 min after being placed in
the cage, all animals showed a discrete but signiﬁcant increase in Tc
(Friedman ANOVA Chi Square or FA (N: 6, df: 2) = 10.33, p = 0.005,
Fig. 1D, F; from 41.00 ± 0.25 °C during the same time at the baseline
recordings to 41.44 ± 0.29 °C at 10 min after the transfer) followed by
a drop in celomatic temperature (from 40.87 ± 0.22 °C during the
same time at the baseline recordings to 40.08 ± 0.30 °C at the nadir
(Fig. 1A, B, D and F)). The nadir of this hypothermia occurred at 90 ±
19.32 min after the transfer. The Tc remained signiﬁcantly lower than
baseline during the 40 min following the nadir (FA CS (N: 6, df: 2) =
10.33, p = 0.005) and returned to values similar to those at baseline
60min after the nadir (Fig. 1F); the Tc returned to baseline levels nearly
2 h after the transfer. The actimetry data at corresponding time periods
were not signiﬁcantly different from those of the baseline readings
(FA CS (N: 6, df: 2)=4.33 p=0.11, data not shown) despite a tendency
to be reduced in the ﬁrst hour after the transfer to the ExC (see Fig. 1E).
The Tc and Act data (5-min means) showed a positive correlation
(Spearman's rho = 0.34, p b 0.05) during the ﬁrst 2 h after transfer to
the experimental cage. However, Tc and Act failed to show a signiﬁcant
correlation during the equivalent hours (12:00 to 14:00) on the next
(“baseline”) day. The individual proﬁles of temperature changes and
of the absolute temperature values at the hyperthermic response peak
and hypothermic response nadir, as well as the mean diurnal and
nocturnal Tc in the 4males were indistinguishable from those observed
in the 2 females.
3.2. Thermal responses to different stress stimuli 2 or 26 h after transfer to
the ExC
The appearance of the experimenter in the recording room (ExpR,
n = 6), the sham i.p. injection (SI, n = 4) and the induction of tonic
immobility (TI, n=4) just after 2 h in the ExC evoked noticeable changes
in Tc and Act (Fig. 2A–D). Compared with the control recordings (animal
undisturbed at the same time of day, n=6), both the ExpR and IT stimuli
evoked increases in Tc that peaked within 30 min after the tests. How-
ever, the SI stimulus evoked a seemingly biphasic response, consisting
of an initial and very discrete increase followed by a lasting decreased
in Tc (showing a nadir within the ﬁrst 30 min). The Tc responses after
the SI and ExpR stimuli disappeared 60 min after these stimuli, while
Tc returned to “baseline” levels only after 90–120 min. Comparisons
between the variations of Tc (calculated using the difference between
Tc in the 10min just prior to vs. the 10min just after the end of the stim-
ulus, Fig. 2D) in the control, ExpR, SI peak (the 10 min period with the
higher Tc after the stimulus), SI nadir (the 10 min period with the
lower Tc after the stimulus) and TI recordings indicated signiﬁcant dif-
ferences between these data (FA CS: (N: 4, df: 4) = 11.80, p = 0.018).
However, the post-hoc tests (Wilcoxon Matched Pairs Test) indicated
only marginally signiﬁcant differences between the control data and
the SI nadir and TI results (both p = 0.06, see Fig. 2D). The peak appar-
ent increase in Tc after the SI was found to be statistically similar to the
control data (p= 0.11). The actimetric data were also affected by these
stimuli (FA CS: (N: 4, df: 4)= 9.80, p= 0.043). Again, post-hoc tests re-
vealed only amarginally signiﬁcant (p=0.067) difference between the
control data and the TI score. We failed to ﬁnd noticeable or consistent
differences in the individual baseline Tc or in the thermal responses of
females and males to these stimuli.
More deﬁnite effects on the pigeons' Tc were observed when ExpR,
SI and handling stimuli were delivered 26 h after their transfer to the
Fig. 1. (A) Tc changes during 48 h after transfer to the recording cage in a single subject (P#21) and (B) in a group of 6 pigeons (black dots in A and black line in B represent themean Tc at
each 5-minute bin, and the gray shaded area represents the SEM). Arrows in A indicate the moment of the transfer to the cage (black arrow) and the nadir of the hypothermic response
(white arrow). (C) Actimetry changes for 48 h after transfer to the recording cage in the same group of pigeons. Shaded areas in A–C indicate the night period of the cycle. (D) Tc
and (E) actimetry (means ± SEM of 5-min bins, n = 6) during the 6 h following transfer to the recording cage. The blue (baseline) and red (ﬁrst day) lines are least square estimates
(distance-weighted least squares ﬁtting) for each curve. (F) Comparison among Tc (means ± SEM of the difference between 10 min samples taken at corresponding times in the 1st
and the 2nd days in the ExC) in the ﬁrst 10min after transfer (10 min), the Tc at its lowest point at 4 h after transfer (nadir) and 60min after the nadir (+60min). (*) p b 0.05 compared
with +60 data (Friedman's ANOVA followed byWilcoxon Matched Pairs Test).
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SI again appeared to evoke a biphasic (hyper- followedby hypothermia)
response that returned to normal levels 80–90 min after the stimulusFig. 2. Thermal responses to different stressor stimuli 2 h (A–D) or 26 h (E–H) after entry into th
are expressed as themeans± SEM of 5-min bins. (D and H) Variations of Tc (delta or difference
stimulus) in the control recordings (Control), the presence of the experimenter in the test room
stimulus) and nadir (the 10 min period with the lower Tc after the stimulus), the handling and(Fig. 2E–H). Signiﬁcant differences (FA CS: (N: 5, df: 4) = 16.80 p =
0.0021) were observed between the variations in the Tc of the control,
handling, ExpR and SI data. Post-hoc tests indicated that handlinge ExC. The dotted line (in A–C and D–G) indicates themoment of the stimulus. The Tc data
between Tc in the 10min just prior to the delivery vs. the 10min just after the end of the
(ExpR), sham i.p. injection (SI) at its peak (the 10-min periodwith the higher Tc after the
induction of tonic immobility. (*) p b 0.05 compared with the control data.
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(n = 6) induced a hypothermic response; the apparent increase in Tc
just after SI was not signiﬁcantly different from that of undisturbed ani-
mals recorded during the same timewindows (Fig. 2H). The actimetry in-
dexes remained unchanged after all stimuli.
3.3. Thermal responses to transference from the home cage to the
experimental cage: effects of re-testing
Repeated testing failed to affect the hypothermic responses to the
transference to the ExC, even after nine trials and at any testing interval.
In all of the experiments, repeatedmeasures ANOVA tests indicated that
the Tc at 60 and 90 min after the arrival to the cage was always signiﬁ-
cantly lower than the Tc in the ﬁrst 10 min of the test (Fig. 3A–C; 1st vs.
7th test: F(2, 15) = 8.76, p = 0.003, n = 6 animals; 7th, 8th and 9th
tests with a 1-day interval: F(2, 12) = 19.03, p = 0.00019, n = 5 ani-
mals; 7th, 8th and 9th tests with an 8-day interval: F(2, 15) = 3.69,
p = 0.049, n = 6 animals). However, no Tc differences between the
tests were found at any of these time points in the Tc Nadir or in theFig. 3. Effects of re-testing on Tc at 10, 60 and 90 min after introduction into the experimenta
intervals or (C) with 8-day intervals and their respective actimetric scores (D, E and F). The da
the ﬁrst 10 min.time to reach the lowest Tc during the test (Table 1). The actimetric
data followed those observed for the Tc: a signiﬁcant decrease in
actimetry scores was observed after the 60 and 90min time points com-
pared with the ﬁrst 10 min of permanence in the ExC without any
retesting effect in these scores (Fig. 3D–F; 1st vs. 7th test: F(2, 15) =
4.67, p = 0.026, n = 6; 7th, 8th and 9th tests with 1-day intervals: F(2,
12)= 11.71, p= 0.0015, n= 5; 7th, 8th and 9th tests with 8-day inter-
vals: F(2, 15) = 11.92, p = 0.0007, n = 6).
4. Discussion
The present data indicated that the transference of pigeons to a cage
different from their “home cage” (the ExC with a consequent visual but
not auditory separation from conspeciﬁcs) evokes a biphasic thermal re-
sponse consisting of short-lived hyperthermia followed by a deep and
long-lasting reduction in celomatic temperature. Nearly 2 h later, Tc
returns to levels that are consistent with former reports of telemetrically
recorded Tc in free-feeding pigeons during diurnal and nocturnal periods
(e.g., [22,26–30]).l cage in (A) the 1st and 7th tests; (B) in the 7th, 8th and 9th tests performed with 1-day
ta are expressed as the means ± SEM. (*) p b 0.05 compared with the mean Tc or Act in
Table 1
Effects of re-testing on Tc at the nadir and time to reach the Tc nadir.
Experiment Tc nadir (C°) Time to nadir (min)
Re-tests (1st vs. 7th)
1st test 40.95 ± 0.31 90.83 ± 4.54
7th test 40.95 ± 0.23 81.66 ± 6.66
Re-test (1-day interval)
7th test 40.87 ± 0.20 75.83 ± 5.06
8th test 40.78 ± 0.25 55.83 ± 8.88
9th test 40.68 ± 0.33 66.66 ± 9.54
Re-test (8-day interval)
7th test 40.51 ± 0.27 72.00 ± 9.43
8th test 40.60 ± 0.11 89.00 ± 7.81
9th test 40.42 ± 0.17 73.00 ± 8.30
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in room temperature or humidity, which were virtually the same as in
their home cages. Ambient temperature was maintained within the pi-
geons' thermoneutral zone (22–25 °C; e.g., [27,31]), indicating that an
elevation or reduction in Tc could be actively induced by changes in
thermal conductance that regulate heat loss or gain (e.g., changing
insulative capacity through feather repositioning and vasomotor control
of blood ﬂow) and/or through modiﬁcations in muscle activity via
postural adjustments that affect the body surface area or in respiratory
heat loss. In mammals, hyperthermia induced by stress is associated to
an increased activity in the HPA axis [32,33] and to a decreased surface
body temperature induced by peripheral vasoconstriction [34–36].
Handling stress [37] and anticipation of a food reward [38] decreased
comb temperature in chickens, and induction of tonic immobility in
pigeons is followed by a decrease in feet temperature, as measured by
video-thermography (F.F. Meleu, unpublished data). Handling-induced
hyperthermia was accompanied by tachycardia in the common eider
[14] and chickens [17], and by a decreased frequency of respiratory
movements in great tits [19]. Furthermore, birds can adjust peripheral
heat dissipation to facilitate Tc decrease during hypoxia [39], another po-
tentially stressful event. From the present data, it is not possible to iden-
tify the speciﬁcmechanisms used in the stress-induced Tc changes, but it
is conceivable that similar HPA axis- and sympathetically-mediated
changes in peripheral heat dissipation (through vasomotor adjustments)
may underlie the biphasic thermal response to stress in the pigeon. The
relative contributions of these mechanisms to the thermal responses
induced by different stress stimuli warrant further investigation.
The positive correlation between actimetric scores and Tc during the
ﬁrst 2 h of the test suggests that a transfer-induced decrease in motor
activity could contribute to the hypothermic phase of the response.
However, changes in actimetry scores were not associated with the
hypothermic response to sham i.p. injections and also failed to occur
during hyperthermic responses to handling, tonic immobility and the
presence of the experimenter, indicating that these may be facultative
to the production of thermal stress-related responses. Additionally, it
is possible that the actimetric recordings using intra-celomatic probes
may underestimate the actual motor activity in the pigeon. After trans-
fer to a novel cage, pigeons present an intense, lasting exploratory activ-
ity by the neck/head set (the peeping behavior [40]) occurring in the
absence of noticeable body/feet movements and these activities were
not observed to produce changes in the actimetry recordings. It is also
interesting to note that handling-induced hyperthermia in ducks was
observed in the absence of noticeable changes in motor activity [14].
Thus, it is apparent that reductions in activity may contribute speciﬁcal-
ly to the hypothermic component of the stress responses to the transfer
to the ExC, but only a more accurate recording of general activity using
behavioral and/or electromyography-based approaches can clarify the
extent and relevance of this contribution.
These hypothermic responses cannot be associated with the “novel-
ty” attributes of the ExC because repeated exposure to the same cageevoked no habituation/sensitization of the hypothermic response.
Human presence and handlingwere compulsory stimuli in these exper-
iments; however, these factors alone can evoke only hyperthermic
responses after a 26-h adaptation to the ExC. It is thus apparent that
the hypothermic component of this response may be associated with
the visual (but not auditory or olfactory) isolation from their roommates,
which was a constant, relevant and stressful aspect of this procedure.
Furthermore, these data suggest that the initial hyperthermic response
may bemore strongly related to the effects of handling than to the trans-
fer/isolation procedure. While visual isolation from conspeciﬁcs can be
related to the hypothermia observed after transfer to the ExC, it should
be noted that sham i.p. injections also evoked a brief and shallow hypo-
thermia, suggesting that abdominal pain can also be associated with this
type of Tc change. It is interesting to note that the intensity of behavioral
and neurochemical effects of chronic social defeat in rats is dependent on
the presence of conspeciﬁcs [41,42]. Furthermore, social isolation via
transferring young chicks to a novel cage evokes both analgesia and dis-
tress calls, and it has beendemonstrated that the distress vocalizations are
mediated by the isolation from conspeciﬁcs, whereas the stress-induced
analgesia is mediated by the novelty component of the experimental sit-
uation [43]. Thesedata indicate that speciﬁc components of a given stress-
ful situation may be relevant to different components of the response to
this situation and that they may combine to confer contextual speciﬁcity
to the architecture, temporal structure and direction of stress-induced Tc
changes in both mammals and birds.
The initial hyperthermia in response to the transfer to ExC reaches
its peak and then wanes within the ﬁrst 30 min of the stay in the ExC
and represented an increase of nearly 0.5 °C from the Tc expected for
the same time period as judged using the temperature on the next
day. Early hyperthermic responses with peaks in the initial 30 min
after the stimulus were also observed immediately following other
putative stressful stimuli, as observed after the induction of tonic immo-
bility, manipulation and the mere appearance of the experimenter into
the roomwhere the ExC was placed. An increase in Tc after these novel
stress stimuli was signiﬁcant after a 26-h stay in the ExC; the Tc rose
froma baseline resting Tc that is compatiblewith the diurnal Tc normal-
ly observed in these birds. However, only a marginally signiﬁcant
hyperthermia was observed to evolve from the hypothermic “baseline”
observed just after the animal's transfer to the ExC 2 h before. While
tonic immobility, the entrance of the experimenter in the room and
gentle handling induced lasting hyperthermic responses that slowly
waned over the next 120min, the ExC-induced initial (andbrief) hyper-
thermia was followed by a deep hypothermic response, and sham i.p.
injections induced a discrete (in both magnitude and duration)
decrease in Tc. These differences suggest that themechanisms supporting
the lasting ExC-evoked hypothermia are poorly counteracted by
those mechanisms generating hyperthermic responses to new but
heterotypical stress stimuli. It is thus apparent that stress-induced
changes in Tc appear to depend on the baseline body temperature
from which it departs as well as on the type of stressor stimulus.
To our knowledge, this is the ﬁrst report of a social isolation-induced
decrease in Tc in birds, and we also failed to ﬁnd systematic studies
reporting the speciﬁc, acute thermal responses of birds to a novel
cage. However, the hyperthermic responses reported here appear to
be similar to those observed in rock pigeons after handling by the exper-
imenter while remaining in their own home cage [20,21]. In the latter,
handling “at home” caused a hyperthermia (telemetrically assessed
intracelomatic Tc) that was more intense (from 41 °C prior to handling
to approximately 42.5 °C) and lasting (returning to baseline levels
within 90 min) than the observed in the present experiments. In
ducks, repeated handling increased the Tc (cloacal) from 41.5 ± 0.6 °C
to 43.5 ± 0.5 °C in 16 min [14]. However, hyperthermic responses to
the handling stress of a lower magnitude (comparable with that
observed in pigeons) were observed. In chickens, repeated handling
for 18 min evoked a signiﬁcant cloacal Tc increase of nearly 0.5 °C
(from 41.1 ± 0.3 °C to 41.6 ± 0.3 °C; [17]), and in ducks, body restraint
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restraint [16].
While handling produces similar increases in Tc in a variety of birds,
handling followed by i.p. injections of saline and lipopolysaccharide
(LPS) in ducks evokes an LPS-independent hyperthermic response
([15]; nearly 0.5–0.8 °C for approximately 30–45 min, as observed in
Fig. 1 from their report) that contrasts with the hypothermic response
to sham i.p. injections in pigeons described here. Tonic immobility
(TI, also known as “death feigning”) is considered to be an extreme
defensive response to inescapable danger that occurs in all vertebrate
classes thus far examined (e.g., [44]). During long duration episodes of
TI, chickens have been demonstrated to suffer a signiﬁcant decrease in
the recorded cloacal Tc (from 41.36 ± 0.04 °C to 40.97 ± 0.04 °C) that
was followed by a hyperthermic response after the animal had recov-
ered its righting reﬂexes [45–47]. Although these data contrast with
the TI-induced hyperthermic response in pigeons, it should be noted
that the duration of TI in our pigeons was too short to enable the obser-
vation of intra-TI changes in Tc. It is also of interest that social (visual)
contact with conspeciﬁcs appears to modulate the increase in Tc ob-
served after the TI test in chickens: socially isolated chickens increased
their Tc in response to IT signiﬁcantly more than the animals tested
with visual access to other chickens [46]. Furthermore, the social defeat,
an intense and acute stress stimulus, evokes a long-lasting (at least 1-
day) increase in Tc in great tits [48]. These items suggest that, besides
being stimulus-speciﬁc, birds' thermal responses to potentially dan-
gerous stimuli may also be species-speciﬁc for a given homotypic
stimuli.
Decreases in cloacal temperatures were also observed in free-living
barn swallows (Hirundo rustica, Passeriformes) immediately after cap-
ture and continuous handling for 10 min [49]: this procedure evoked
a discrete but signiﬁcant decrease in Tc (from 41.41 ± 0.06 °C prior to
handling to 41.14 ± 0.05 °C at 10 min after with a mean decrease of
0.27 °C). In another Passeriformes species, the great tit (Parus major)
[19], cloacal Tc signiﬁcantly decreased by 0.5–0.6 °C in both males and
females 5min after the animals were captured and isolated in a hanging
cotton bag. Because these data cannot be compared with resting base-
line Tc, the interpretation of these decreases in Tc may be cumbersome.
They may represent both a fast recovery from a short-lived hyperther-
mic response to a normal Tc or the early moments of a developing
hypothermia.
Thermal responses to increased predation risk were observed in pi-
geons living in semi-natural (outdoor) conditions and that were instru-
mented with intra-celomatic thermometric data-loggers [22]. During
fasting, the normal nocturnal hypothermia observed in pigeons was in-
creased (e.g., [26–28]), and this phenomenon (the nocturnal torpor) is
considered to represent a potent mechanism of energy conservation
in birds. The introduction of a stuffed goshawk hanging from the com-
munal cage in a ﬂying posture (that was reported to evoke a strong be-
havioral reaction in the pigeons) consistently postponed the entrance in
the nocturnal hypothermia and decreased the degree of hypothermia
(i.e., increased the nocturnal Tc expected during fasting). Remarkably,
the diurnal Tc of the fasting pigeons facing the ﬂying stuffed predator
[22] and Tc changes during the hours subsequent to the hawk's en-
trance into the cage were not reported. It is possible that a conceivable
early Tc response to the hawk was obscured by the time bin used to
quantify the differences between diurnal vs. nocturnal Tc, which were
estimated via 4-h averages of diurnal (12:00–16:00) and nocturnal
(00:00–04:00) data. Comparisons of our Tc data from identical time
windows also failed to reveal signiﬁcant differences between the ﬁrst
4 h and the same period 24 h later. These data reinforce the notion
that the thermal responses of these animals to stressful stimuli may de-
pend on the type of stimulus presented and indicate that a maintained
stressful situation may modulate and affect the highly adaptive mecha-
nisms of energy management in this species.
It was surprising that the hypothermic effect of the transfer to the
ExC showed no habituation after at least 9 repetitions of this procedurewith different testing intervals. The activation of defensive behaviors
and their physiological counterparts (e.g., hypothalamic–pituitary–
adrenal axis (HPA) stimulation) to unfamiliar stressful stimuli is consid-
ered to be important in coping with potentially threatening events.
However, habituation to repeated exposure to the same (homotypical)
stressor is also highly adaptive; reduced responses to stressors that are
not life-threatening can conserve energy [50–52]. Habituation of the
HPA response to various stressors is commonly observed in mammals
after repeated exposure to a novel environment, handling, restraint
and immobilization, and the absence of habituation to repeated stressors
in humanswas associatedwith stress-related disease, e.g., posttraumatic
stress disorder [53,54]. However, the lack of habituation of HPA activa-
tion to repeated exposure to a novel cage [55,56] or a repeated restraint
stress [57,58] was reported in rodents, and laying hens also failed to
habituate their intense HPA response to repeated handling and immobi-
lization [59]. In rodents, the amplitude of stress-induced hyperthermia is
reduced after daily exposure to stimuli of moderate intensity (novel en-
vironment, handling, injection stress), while repeated testing once a
week evoked no habituation of this response; when exposed to a strong
stress stimulus, such as repeated social defeat, habituation of the hyper-
thermic response does not occur [60,61].
The inability to habituate to a repeated homotypic stress stimulus
may be related to the perceived intensity of that stimulus so that the
stronger the homotypical stimuli, the less pronounced the habituation
rate of the response to this stimulus [50,52]. In this sense, the persis-
tence of hypothermic response reported here may be an indication
that visual isolation from conspeciﬁcs may be perceived by these ani-
mals as a catastrophically strong stress stimulus. It is also important to
consider that a lack of habituationmay also be evoked by decreased pre-
dictability and controllability of the stimulus as perceived by the animal
[53,62]. The procedures used here in the re-test experiments made the
hypothermia-inducing stimulus reasonably predictable (in terms of
the handling by experimenter, time of day, time interval and test cage
characteristics); thus, the lack of habituationmay be only poorly related
to an inability to develop an anticipatory response to the stimulus. It is
thus more probable that our test situation provided an uncontrollable
stimulus (possibly the separation from conspeciﬁcs), and this aspect
may have decisively contributed to the response persistence.
Gender-related differences in avian Tc are expected to occur as a
function of, e.g., the reproductive state, and have been described in
quails (Coturnix coturnix; [63,64]) and in great tits (P. major; [19]),
while no differenceswere found between the Tc ofmales and of females
of greenwoodhoopoes (Phoeniculus purpureus; [65]), indicating that the
degree of sexual dimorphism in Tc and their controls may be a species-
typical trait. Despite sex differences in baseline Tc of great tits (higher in
females than inmales), their thermal responses to handling stress were
of the same magnitude and were explained by gender differences in
body mass, which is negatively correlated with thermal conductance
[19]. In rodents, gender-associated differences in thermal responses to
threatening stimuli appear to be species dependent: stress-induced
hyperthermia is lower in female than in male mice [66], but is higher
in female than in male rats [67]. Visual inspection of the individual pro-
ﬁles of temperature changes and of absolute temperature values in our
animals suggested similarity between the Tc responses of our male and
female pigeons. However, due to the low number of each gender in our
mixed-gender experimental groups, the presence of gender-speciﬁc
thermal responses to stress in pigeons cannot be discarded by our
data. This issue deserves further examination, especially in species
showingmajor differences in gender-speciﬁc roles in nest and territorial
defense against conspeciﬁcs and predators.
In a variety of mammals, stress-induced hyperthermia was observed
after a number of psychological and social stress stimuli, including gentle
handling, handling plus systemic injection procedures, restraint stress,
exposure to a novel environment or to an open ﬁeld and social defeat
(for a review, see Ref. [8]). While fever in response to bacterial infection
was observed in all vertebrate species, the stress-induced changes in
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68]) and to be mediated by neural mechanisms that are distinct from
those involved in fever [5,65]. To our knowledge, the only other species
in which decreases in intestinal Tc were associated with social stress
was the Homo sapiens [12]. The present data thus indicated that stress-
induced changes in Tc may be a consistent and reliable physiological pa-
rameter of stress but that they may also show stressor type-, direction-
and species-speciﬁc attributes and that an adequate assessment of wel-
fare state using thermal responses asmarkers of stress in different species
should take these response variances into account.
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